Abstract. About 4900 values of 14 C0 2 activity have been measured on stratospheric air samples collected between 1953 and 1975 when the major nuclear weapon tests injected large amounts of 14 C into the atmosphere. However, the validity of these data published in Health and Safety Laboratory reports was repeatedly criticized and their relevance is thus usually denied in model studies tracing the global carbon cycle with bomb 14 C0 2 . To oppose this criticism, we perform here a comprehensive analysis of the measurements and calculate stratospheric bomb 14 C0 2 inventories for the period in question. We find out that the recognized weaknesses of the survey do not justify a general discrimination against the 14 C0 2 observations. Our 14 C0 2 inventories determined using numerical methods to interpolate the observations widely confirm the more "hand-made" results from a former study by Telegadas [1971] except in the northern poleward stratosphere. We are also able to clear away the reasons commonly advanced to call into question the stratospheric bomb 14 C0 2 inventories by up to 20%. These findings rehabilitate the most extensive data set of stratospheric 14 C0 2 observations and establish them, together with our corresponding bomb 14 C0 2 inventories, as a valuable observational constraint which should be seriously accounted for in global carbon cycle models and in other studies relying on an accurate simulation of air mass transport in the atmosphere.
Introduction
Fortunately, the radiocarbon method developed early enough [Libby et al, 1949] and 1969. The bulk of 14 C02 activity values measured during that survey was summarized to determine the time variation of the bomb 14 C02 burden in the stratosphere [Telegadas, 1971] .
In that paper, Telegadas [1971, p. 3] proposed to further use the presented distribution of 14 C02 "...as a tracer for atmos pheric motions and for estimating the exchange rate of C02 between the atmosphere and the ocean and biosphere."
Indeed, his results were investigated in several studies about air mass motion using two-and three-dimensional models [Johnston, 1989; Shia et al, 1993; Kinnison et al, 1994; Rasch et al, 1994] . Strangely enough, the only study budget ing 14 C02 in the global carbon cycle which consistently accounted for the stratospheric inventory compiled by
Telegadas was by Hesshaimer et al [1994] . All other model studies trying to globally match bomb 14 C02 levels observed in the carbon cycle reservoirs [e.g., Enting et al, 1993; Broecker and Peng, 1994; Lassey et al, 1996; Jain et al, 1997] solved inconsistencies in their budgets by mistrusting the stratospheric inventories. Justification of this discrimina tion was already given by Telegadas [1971] himself: due to unidentified reasons, the 14 C02 activity of samples collected in the lower troposphere aboard aircraft seems to be systemCopyright 2000 by the American Geophysical Union.
Paper number 1999JD901134. 0148-0227/00/1999JD901134$09.00 atically higher by A 14 C ~ 50-200%o (for A-notation see section 2.1) than observed at comparable ground level stations. A second shortcoming of the data interpretation resides in the fact that Telegadas used hand-made drawings to determine, in an undocumented manner, his stratospheric inventories from the original 14 C02 observations. A third often mentioned criti cism is that the survey was not intense enough to allow a reliable quantification of the stratospheric bomb 14 C02 burden during such a period of intense nuclear tests [Tans, 1981; Broecker et al, 1995] . In the present paper we confront our selves to all these shortcomings and reprocess the data in a way suitable for further investigations. In the following sec ond section we present the entire set of data with enough detail to compute, in the third section, a stratospheric bomb 14 C02 burden to be compared with the inventories of 
Stratospheric Observations Published in the HASL Reports
The Health and Safety Laboratory reports with numbers 159, 166, 174, 214, and 242 [Hagemann et al, 1965 159, 166, 174, 214, and 242 [Hagemann et al, , 1966 159, 166, 174, 214, and 242 [Hagemann et al, , 1967 159, 166, 174, 214, and 242 [Hagemann et al, , 1969 159, 166, 174, 214, and 242 [Hagemann et al, , 1971 [Leifer and Chan, 1998 ]. About 140 further stratospheric 14 C02 activity data from the period mid-1968 to mid-1974 are reported in the HASL reports 246 , 284 [Sowl et al, 1974] , and 294 [Sowl et al, 1975] . In the following we refer to the sum of all these reports as the HASL reports, to the sum of the corresponding observations as the HASL observations, and so forth. About 75% of the activity values in the HASL reports were measured on 12 m 3 STP air samples compressed aboard aircraft into nickel-plated spherical steel bottles [Hagemann et al, 1965] . Of the remaining 25%, all 14 C02
activities except those in HASL reports 246, 284, and 294
were measured from about 50 m 3 STP air samples transferred after balloon flights from an armored vessel into high-pressure cylinders [Hagemann and Gray, 1959] . The activities presented in HASL reports 246, 284, and 294 were measured on samples collected with a molecular sieve technique [Ashenfelteretal, 1972] .
Most of the observations from project STARDUST made available as CDIAC database were not initially available on computer systems and had to be retrieved from publications [Leifer and Chan, 1998 ]. As we had already transferred, independently, the same tables from the HASL reports to our computer system, we could identify some 50 misreading errors in the CDIAC database by cross comparison with the results of our computerization. These errors will be reported to the CDIAC.
Activity Unit Conversions
The 14 C02 activities presented in the HASL reports are atoms/g air from the corrected activities. Note that we refer to this definition when using synonymously "bomb inventory"
or "excess inventory" although assuming a constant prenuclear background neglects the natural variability of 14 C02
activities in the atmosphere. Also bear in mind that about 5xl0 5 atoms 14 C/g air of the stratospheric activity excess over tropospheric values result not from bomb input but from the altitude distribution of 14 C production by cosmic ray neutrons [Lingenfelter, 1963; O'Brien et al, 1991] . The following equation allows to convert from corrected excess activities ^IES atoms/g air expressed in units of 10 5 14 C atoms per gram of air to corrected activities Adpm/gc expressed in units of dpm/g C:
AE5atoms/g air ^4
5M
(1)
The values of 5.64 and of 74 are based on an atmospheric C02 mixing ratio of 313 ppm (assumed to be constant), on the relative molecular mass of carbon (12.01) and of air (28.96), on the half-life of 14 C (5730 years) and on a specific activity of 13.1 dpm/g C for the "atmospheric prenuclear background in the early 1950s." Note that Telegadas [1971] and Telegadas et al [1972] refer to 13.17 ± 0.04 dpm/g C as being 0.95 of the National Bureau of Standards (NBS) oxalic acid standard activity measured at the Argonne National Laboratory (ANL). For the present investigation we assume that their measurement of 13.17 dpm/g C was correct and lower than the modern value of 13.56 ± 0.07 dpm/g C measured for 0.95 of the NBS oxalic acid standard corrected for decay and fractionation [Karlen et al, 1968; Olsson, 1970; Stuiver and Polach, 1977] 
assuming the same constant value of -7.1%c for atmospheric 5 13 C02 [Hagemann et al, 1965] as in the HASL reports. For the sake of simplicity we use the same constant factor of 5.64
to convert from activities in dpm/g C to activities in 10 5 atoms/g air in all our figures except Figure 7 . However, we provide in Tables 1 and 2 the parameters D and / allowing to correct this conversion factor taking into consideration longterm variations of the C02 mixing ratio. Finally, note that in HASL report 294, Sowl et al [1975] used a multiplication factor of 5.95, corresponding to an atmospheric C02 mixing The parameter D completes the parameter / in Table 2 and approximates the difference expressed in ppm between the yearly mean C02 mixing ratio in a particular stratospheric subdivision and the yearly mean CO2 mixing ratio observed at Mauna Loa station [Keeling and Whorf, 1990] . The values for D are best estimates for 1965 as calculated from stratospheric C02 mixing ratios predicted by a carbon cycle model [Hesshaimer, 1997] optimally matching the mean 14 C02 activities of Telegadas [1971] up to 30 km height. Bear in mind that D does not account for the seasonal variation of C02 mixing ratio in the stratosphere which can have a mean peak-to-peak amplitude of up to 4 ppm in the northern lower poleward subdivision according to our carbon cycle model. Air masses for the different stratospheric subdivisions were calculated according to the U.S. Standard Atmosphere (1976) . The air masses of all stratospheric subdivisions sum up to a total of 1.102xl0 18 kg which corresponds to 21.5% of the total dry air mass of the Earth atmosphere [Trenberth and Guillemot, 1994] . 11,643 ratio of 330 ppm, but we rescaled these results by multiplication with 5.64/5.95 to remain consistent with the other HASL reports.
To avoid confusion, note that we will always refer to activities expressed in the "absolute" scale, not in the "A" or in the "excess 14 C" scale, when comparing activities without [Fergusson, 1963] , open diamonds [Godwin and Willis, 1964] , large open circles [Berger et al, 1965] , open down triangles [Nydal and Lovseth, 1983] and open up triangles . 
New Calculation and Comparison With Telegadas
Here we apply the procedure of Telegadas [1971] to the entire HASL data set using exclusively numerical methods.
After collection of the data into quarterly diagrams subdivided like those of Telegadas we use a Delaunay triangle-based linear interpolation [Fortune, 1987] to determine the activities inside the convex hull of all quarterly sampling locations (see Figure 5a ). We refer to section 3.2.2 for details on our Table 2 . For each stratospheric subdivision the data coverage is interpreted as a confidence value attributable to the corresponding mean activity (shaded bars in Figure 6 ) which is obtained from the ratio of the subdivision air mass included in the convex hull of sampling locations divided by the subdivision's total air mass listed in Table 1 .
For example, a stratospheric subdivision with 100% of data coverage is entirely included in the corresponding quarterly convex hull of sampling locations.
Our results compare well with those from Telegadas stratosphere and the gray background in the high stratosphere indicate that Telegadas did neither subdivide the upper stratosphere nor account for the high stratosphere as we did. The thick line represents the tropopause. Notice that Telegadas placed his vertical subdivisions at 0, 30, 50, 70, and 100 kilofeet and we approximated these values by 0, 9, 15, 21, and 30 km to determine our inventories. The air mass contained in each of our subdivisions is listed in Table 1 . did not draw the slight distortion of triangle and hull segments due to the fact that our interpolation procedure took place in a Cartesian latitude-height geometry, whereas a sinusoidal representation of the latitude is used in the figure. Also note that we used the mean activity for locations repeatedly sampled in the quarterly diagrams, (b) Same as Figure 5a except that the contours and triangulation refer to a new set of sampling points based on the original quarterly sampling set shown in Figure 5a . See section 3.2.2 for more explanations.
TNT [Hesshaimer et al, 1994] . Telegadas [1971, p. 11] examined the same detonation and concluded that his stratospheric inventories do not reflect this explosion "...probably because the debris had little chance to spread latitudinally into the limited sampling network." In contrast, scrutinizing the results of our standard calculation in Figure 6 reveals an increased 14 C02 activity in the lower stratosphere of the Northern Hemisphere which we can estimate in terms of 14 C atoms using the results listed in 
Estimation of Errors in the Inventories due to Data

Selection and Interpolation
In Figure 6 we report as "percent of data coverage" the portion of air mass contained in the convex hull of sampling locations, although this validity estimator of the mean 14 C02
activities can be substantially biased. In the worst case during a given quarterly interval a subdivision could be 100% inside the convex hull of sampling locations without any observational sample in it. This is why we further examine how far two categories of errors reduce the validity of our mean activities based on the HASL survey. In the first category we estimate errors related with data selection in time, space, and activity level, and in the second category we scrutinize interpolation choices of more numerical type like the coordinate system units, the polynomial order or the triangle mesh structure and estimate their impact on the obtained activities.
Errors due to selection.
We split up the HASL observations into quarterly intervals to determine mean 14 C02
activities in the stratospheric subdivisions. This corresponds to a data selection on the time axis and has the drawback of possibly smoothing down the main activity peaks. In Figure 8 this impact is estimated through comparison between activity curves resulting from quarterly and from monthly data selection. Altogether the compared curves match well and thus indicate that the signal to noise level of the monthly mean stratospheric activities is still good enough to reflect real mean air mass mixing processes occurring on this timescale. We also added Figure 10 to make clear that quarterly mean 14 C02 activities determined for the high-altitude layer between 30 and 40 km are lower than mean activities found in the underlying upper stratospheric layers during a couple of years after the main bomb 14 C injections. This observational evidence contributes to refute the occasionally discussed hypothesis [Johnston, 1989; Hesshaimer et al, 1994] that extremely high activities which correspond to major hot spots of bomb 14 C02 residing in the very high stratosphere escaped the HASL network because it extended only up to 40 km.
Further sources of uncertainty in our 14 C02 inventories may reside in a distinct sensitivity to isolated samples with particularly high or low 14 C activity. We test this impact by rejecting about 40% of the quarterly HASL observations before determining the 14 C02 inventories with our standard procedure. The selection of the quarterly data in each subdivi- The time value represents the middle of a quarterly subdivision as used by Telegadas (see introduction of section 3). The columns with header entitled "High" represent results for subdivisions between 30 and 40 km (see Figure 10 ) not considered by Telegadas. All 14 C activities are expressed in dpm/g C and can be converted to A 14 C using equation (2). The parameter fin the rightmost column of the table is the ratio CMLOM/313 where CMLOM expressed in ppm is the yearly mean C02 mixing ratio at Mauna Loa station [Keeling and Whorf, 1990] linearly interpolated for time (t) and 313 ppm is a constant C02 mixing ratio used in the HASL tables (see section 2.1). We used results from a carbon cycle model [Hesshaimer, 1997] matching the Mauna Loa curve and predicting CMLO(54.0) = 313 ppm to determine the values of/before 1959. The parameter / combined with the standard factor of 5.64 (see section 2.1) and with the correction D of Table 1 allows to convert the mean activities of Table 2 from dpm/g C to 10 5 atoms/g air for each particular stratospheric subdivision. As an example, the mean 14 C02 activity [Manning et ai, 1990] in the Southern Hemisphere and data from Vermunt (47°N) [Levin et ai, 1985] 
.1). We used data from Wellington (41°S)
in the Northern
Hemisphere to determine the respective tropospheric 14 C inventories. The mean stratospheric activity values of Telegadas are obtained by division of his total stratospheric excess 14 C02 inventories up to 30 km by the stratospheric air mass up to 30 km, which in his study is 1.02xl0 21 g. The mean stratospheric (resp. atmospheric) activity values from our standard and monthly calculations were obtained by division of our total stratospheric (atmospheric) excess inventories up to 30 km by the stratospheric (atmospheric) air mass up to 30 km in our study which is 1.06xl0 21 g (5.1 x lO^g). Note that our standard and monthly activities in this figure also account for increasing C02 mixing ratios (see caption of In our standard calculation we use all data from the HASL reports except number 1216 [Hagemann et ai, 1965] for which the latitude is missing and number 3383 [Hagemann et ai, 1966] 
Errors due to interpolation.
We base our interpolation procedure on Delaunay triangulation which has a welldeveloped theory [O'Rourke, 1994] and allows linear interpolation based on only one a priori parameter. Our
Delaunay triangle mesh structure is set up in the twodimensional height versus latitude diagram and depends on the a priori choice of coordinate system units. In the particular geometry of our study dealing with air mass exchange, the "distance" between points would be ideally expressed as the mean time needed for a concentration pulse to propagate from one point to the other. We take this into consideration when determined in a similar way as described in the caption of Figure 7 ).
In our standard calculation the activity inside a given Delaunay triangle is a linear function of latitude and height chosen to fit the activity values at the three coordinates generating the Delaunay triangle. The choice of a low-order linear interpolation method may be a concern about data including sharp peaks. We estimate the uncertainty attributable to this impact by using a Delaunay triangle based cubic method [Yang, 1986; Watson, 1994] to determine the mean 14 C02
activities in all stratospheric subdivisions. The resulting curves match the standard results without noticeable deviation, and we refrain from showing them in a figure. This change in technique produces an average difference fi between the results obtained using a cubic method and our standard results which is negative (ju, = -2.3x10 s atoms/g air).
The standard deviation of a single difference is a -4.7xl0 5 atoms/g air (/x and o were determined in a similar way as described in the caption of Figure 7 ).
Actually, a Delaunay mesh is only one among a multitude of possible triangulations for a given set of points. We showed before that differences in the Delaunay mesh due to variations of the y/x scale ratio within a physically reasonable range pro- 
Comparison Between the HASL Data and Observations From Other Authors
Sampling locations from other sources than the HASL reports are also shown in Figure 2 . These independent data sets allow to check how far their 14 C02 activities agree with the HASL observations. We subdivide our investigation into three parts and start with a section summarizing activity measurement errors in the HASL data. The second and third sections are devoted to activity comparisons in the troposphere and in the stratosphere.
Activity Measurement Errors
C02 contamination effects are minimized in the HASL activities by applying either a 13 C-based correction when 8 13 C measurement exists or a crude C02 concentration-basecl correction when only that concentration measurement is available [Hagemann et al, 1965] . Figure 13 shows that about 40% of the uncorrected activities lie within 1% of the corrected activity values and that about 85% of the uncorrected activities lie within 10% of the corrected activity values. Note in Figure   13c that the corrections applied to high activities tend to be smaller than those applied to low activities.
The value of activity counting errors given in the HASL in Figure 14 . The relative activity errors lie most frequently between 1% and 2%. Only 1/20 of the relative errors are larger than 5% and about 1/5 of the errors are larger than 3%.
In HASL reports 246, 284, and 294 Sowl et a/., 1974 Sowl et a/., , 1975 , counting errors of the observed activities at the 95% confidence level are declared smaller than 5% in all samples and smaller than 3% in 90% of the samples. sphere (see, e.g., Figure 6 ), the relative errors are most frequently much smaller than the upper limits mentioned above. As the quarterly mean 14 C02 activity of each stratospheric subdivision is usually based on at least 4 and up to 100 or more observational points, the relative uncertainty on bomb 14 C02 inventories due to counting errors is expected to be less than 1%. Figure 15 . , and 242 on uncorrected activities Auncorr (dpm/g C) to obtain corrected activities Acorr (dpm/g C) accounting for contamination effects. In Figure 13c the corrected activity Acorr is reported versus the relative activity correction (A^o^-Acon-VAcon. expressed in percent. In the last formula the activity correction is expressed relatively to the corrected activity to simplify the discussion on uncertainties of the corrected activities. Note that the vertical patterns only reflect the numerical rounding used in the HASL tables. Bars in Figure 13b represent the number of data points which relative activity correction lie within a given interval of 1%. The cumulative number of data points with a relative activity correction smaller than the abscissa value is reported in Figure 13a . Solid squares, and open bars represent the entire data set, whereas shaded squares and shaded bars refer to the part of the observations sampled in the stratosphere after January 1966. The activity is expressed in the A scale on the left-hand side of Figure 13c and in dpm/g C on the right-hand side.
Comparison Between HASL and Other
activity in the overlying stratospheric layers. The figure incidentally makes clear how difficult it is to compare few spot samples during periods of high activity gradients. This remains true for the stratospheric observations of Ergin et al [1970] cited by Tans [1981] which are essentially the same as those presented by Walton et al. [1970] and shown in Figure 2 except that the latter publication reveals individual latitudes Figure 14c the corrected activity (see Figure 13 ) is reported versus the activity counting error expressed in percent of the corrected activity. Discernible vertical patterns only reflect the numerical rounding used in the HASL tables. A dashed line is added to show the slope of a fictive error function increasing with the square root of the activity. Bars in Figure 14b represent the number of data points which activity error lie within a given interval of 0.5%. The cumulative number of data points with an activity error smaller than the abscissa value is reported in Figure 14a . Solid squares and open bars represent the entire data set, whereas shaded squares and shaded bars refer to the part of the observations sampled in the stratosphere after January 1966. The activity is expressed logarithmically in dpm/g C on the right-hand side of Figure 14c and in the corresponding A scale on the left-hand side. [Manning et al, 1990] and Vermunt (47°N) [Levin et al, 1985] . Walton et al. [1970] took place between 50°N and 60°N in the vicinity of the British Isles (see Figure   2b ). We emphasize that these lower values are not a compelling proof for inaccuracies in the HASL activity measurements but can be reasonably interpreted as a consequence of the 14 C02 activity being a nonlinear function of location. A further interesting feature of the enlarged data set is the completion of an activity peak in the northern lower poleward stratosphere during early 1965 when the sampling from Berger et al. [1965] took place over the continental United
States and the Caribbean. The stronger peak seems to fit much better than the standard calculation into a decreasing sequence of seasonal 14 C02 activity peaks observed after 1963 which result from the seasonally variable cross-tropopause air mass exchange. Although weakly substantiated by only two observational data, this peak completion confirms the fact already noticed in 3.2.1 that 14 C evidence for the seasonal variation of cross-tropopause air mass exchange is mainly confined between 30°N and 70°N. when using HASL data together with observations from Fergus son [1963] , from Godwin and Willis [1964] , from Berger et al. [1965] , from Walton et al [1970] , and from Nydal and Lbvseth [1983] (see Figure 2 ). The figure shows the deviation from results of our standard calculation using only HASL data (thick lines and solid circles). Shaded areas indicate periods when non-HASL data were collected within a stratospheric subdivision. The activity is expressed in the A scale on the left-hand sides of the figure and in units of 10 5 excess 14 C atoms per gram of air on the right-hand sides. shown that the signal to noise ratio in the HASL activities is good enough, not only on the quarterly but also on the monthly timescale. This indicates that many valuable details (see, e.g., the relaxation time of about 1 month from peak activities to stratospheric background repeatedly shown in Figure 1 ) are buried in these data which will allow to sound out the reality of global scale air mass transport in atmospheric three-dimensional models.
Conclusions
We reasonably dissipated several doubts regarding lacunas of the HASL survey and pretended inadequacies of the corresponding activity measurement. Hence only two main points of objections remain concerning the validity of stratospheric bomb 14 C02 inventories based on this survey. The first point emphasizes the fact that some hot spots of bomb 14 C02 may have been missed because of the limited observational network. Telegadas [1971] used this argument to explain why his 14 C02 inventories do not reflect some Chinese nuclear tests, but we analyzed an example at the end of section 3.1 where this criticism turned out to be inappropriate. Also Tans [1981, analysis would be needed to determine whether the higher or the lower monthly mean activity levels are better substantiated by the observations. Hence the present state of our revision confirms Tans [1981] arguing that some bomb 14 C was missed during a couple of months after the cessation of nuclear testing. The argument appears to be quite reasonable because corresponding nuclear detonations took place at 75 °N over the 
